We report results of two in vivo functional human imaging experiments using photoacoustic microscopy. In Experiment 1, the hemodynamic response to an ischemic event was measured. The palm of a volunteer was imaged and a single cross-section was monitored while periodic arterial occlusions were administered using a blood pressure cuff wrapped around the upper arm and inflated to ~280 mmHg. Significant relative decreases in oxygen saturation (sO 2 ) and total hemoglobin (HbT) were observed during periods of ischemia. Upon release of the occlusion, significant relative increases in sO 2 and HbT due to post-occlusive reactive hyperemia were recorded. Experiment 2 explored the vascular response to a local, external thermal stimulus. Thermal hyperemia is a common physiological phenomenon and thermoregulation function in which blood flow to the skin is increased to more efficiently exchange heat with the ambient environment. The forearm of a volunteer was imaged and a single cross-section was monitored while the imaged surface was exposed to an elevated temperature of ~46°C. Due to thermal hyperemia, relative increases in sO 2 and HbT were measured as the temperature of the surface was raised. These results may contribute as clinically relevant measures of vascular functioning for detection and assessment of vascular related diseases.
INTRODUCTION
Microvascular networks are becoming increasingly important for signaling health problems in an individual. The microvasculature provides a window into systemic cardiovascular complications. And microvascular functioning could be used as a mechanism whereby cardiovascular related diseases could be diagnosed or assessed (1) (2) (3) (4) (5) . A simple and repeatable method of evaluating vascular functioning is to perturb circulation and measure the response. There are two common methods of probing the microvascular system. One method involves temporarily occluding blood flow and measuring the post-occlusive reactive hyperemia (PORH) response (6, 7) . In short, PORH is the transient increase of local perfusion that results from an ischemic event, specifically from the build-up of metabolic waste and low oxygenation (3, 4, 8) . In a second measurement technique, a local region of the skin is heated and the ensuing local thermal hyperemia is evaluated (1, 9) . Thermal hyperemia is the thermoregulative response to elevated temperatures in which there is an increase in perfusion to superficial vascular networks and to lower body temperature. In daily life, this process is stimulated by an increase in the core body temperature or ambient temperature, and is usually accompanied by sweating. As more blood flows to the surface it is more efficiently cooled by evaporating sweat, thereby exchanging heat from the core with the ambient environment. This phenomenon can also be triggered through local warming of the skin (3, 9) . By heating the skin to temperature around 42°C, perfusion can increase several fold (1).
Generally, non-invasive measurements of microcirculation are performed using near-infrared spectroscopy, laser Doppler, or plethysmography (1, 4, 8, 10, 11) . Often, these techniques are limited to single parameter measurements, sO 2 , perfusion/changes in blood volume, or blood flow. Likewise, these methods usually do not resolve the vessels from which the aforementioned parameters are measured. However, with photoacoustic microscopy it is possible to simultaneously measure multiple parameters, while providing a high resolution image of the measured microvasculature.
Numerous reports have detailed the capabilities of functional photoacoustic microscopy, particularly for hemodynamic measurements in animal models (12) (13) (14) . For instance, vascular responses to changes in the oxygen concentration supplied to mice have been measured in superficial microvascular networks in the mouse ear and larger vessels in the brain (12, 13) . Both reports clearly indicate changes in the blood volume and oxygen saturation (sO 2 ) that correspond with changes in the oxygen concentration of the inhalation gas. To date, similar studies involving perturbing microcirculation have been limited to animals, and have not been applied to humans. In this paper, we present results from two sets of functional photoacoustic imaging experiments applied to human cutaneous microvascular networks: post-occlusive reactive hyperemia and thermal hyperemia experiments.
METHODS AND MATERIALS

Experiment 1: Post-occlusive reactive hyperemia
In this experiment, a custom built photoacoustic macroscope was employed to image the microvascular structure and functioning in five different volunteers. An Edgewave Nd:YLF laser supplied the optical energy to probe the sample, and pumped a Sirah dye laser. We used Rhodamine 6G in the dye laser to generate wavelengths between 560 nm and 575 nm. The pulse width of the beam was less than 5 ns and the pulse repetition rate, which depends on the motorized scanning parameters, was approximately 1 kHz. The laser beam was then coupled into a fiber optic cable, and was routed to the PAM system. The light was weakly focused into sample using dark-field illumination. More details of this system can be found elsewhere (15, 16) . A focused, broadband transducer with a 20 MHz central frequency was confocally aligned with the weak focus of the laser light. With this set-up and transducer, it is possible to achieve 70 μm lateral resolution and 54 μm axial resolution (17) .
In this set of experiments, cutaneous microvascular networks in the palm of the skin were investigated. The experiment consisted of a three-dimensional imaging portion and a functional imaging portion. First, the palm of a volunteer was placed in acoustic contact with a water tank that housed the ultrasonic transducer. An area of 8 x 4 mm on the lower palm of the volunteer was scanned and two three-dimensional images were acquired, one using 570 nm light and the other using 561 nm light. The images were acquired within approximately fifteen minutes. Following the 3-D image acquisitions, a specific cross-section or b-scan was selected from the dataset. This cross-section was repeatedly scanned over the course of fifteen minutes during which two ischemic events were periodically induced. The two arterial occlusions were created by inflating an arm cuff to a standard pressure of ~280 mmHg for each volunteer. The occlusions were initiated after 3 and 9 minutes into the experiment. The b-scan images were generated with laser wavelengths of 561nm and 570 nm. The time between the images at both wavelengths was approximately one second, due to the mechanical time required to tune the wavelength. The dual wavelength images were initiated every fifteen seconds.
Experiment 2: Thermal hyperemia
For this set of experiments, the same dark-field imaging system was employed. In these experiments, the transducer from Experiment 1 was replaced by a transducer with a 50 MHz central frequency. This system configuration and transducer yield 45 μm lateral resolution and 15 μm axial resolution.
The ventral side of the forearm of a volunteer was placed in acoustic contact with the water tank and indirectly the ultrasound transducer. A single cross-section was scanned for 20 minutes using two different laser wavelengths, 561 nm and 570 nm. Baseline measurements were recorded for the first 1.5 minutes of the experiment, after which the skin of the volunteer was warmed by heating the water in the water tank to approximately 46°C. Again, wavelength tuning resulted in approximately one second between scans at both wavelengths. In this experiment, dual wavelength image acquisitions were initiated every 10 seconds. To induce local thermal hyperemia, a thin, coiled steel tube was used to circulate hot water, heat the water in the water tank, and indirectly warm the skin of the volunteer. Water in the reservoir of the circulator was pre-heated prior to the experiment for more efficient and repeatable heating timescales.
Additionally, an automated, dynamic z-axis repositioning system was incorporated into the imaging protocol. This additional function corrected for changes in the focal length of the focused transducer as the speed of sound of the water in the tank increase with the rise in temperature. A reference point of ink was marked on the forearm of the volunteer, which was located at the edge of the lateral dimension of the b-scan image. The depth position of this point was calculated during scanning and used to adjust the depth of the transducer accordingly. 
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CONCLUSIONS
In the PORH experiment relative increases in deoxyhemoglobin concentration and decreases in perfusion were measured during the periods of ischemia, and relative decreases in deoxyhemoglobin concentration and increases in perfusion were observed following the occlusions. In the thermal hyperemia experiment, a relative decrease in deoxyhemoglobin concentration and an increase in perfusion were measured. The results from both experiments demonstrate the potential of photoacoustic microscopy as a tool to measure microvascular functioning.
